Based on the first-principles calculations, we recover the silent topological nature of Cd3As2, a well known semiconductor with high carrier mobility. We find that it is a symmetry-protected topological semimetal with a single pair of three-dimensional Dirac points in the bulk and non-trivial Fermi arcs on the surfaces. Around the Dirac points, the energy bands have complete splitting, in contrast to other examples. It can be driven into a topological insulator or a Weyl semi-metal state by systematical symmetry breaking, and the quantum spin Hall effect can be realized in its quantum well structure.
Weyl semimetal is a new topological state of threedimensional (3D) quantum matters [1] [2] [3] [4] [5] [6] , different from the 3D topological insulators (TI) [7] [8] [9] . It can be characterized by Weyl nodes (at Fermi level) in the bulk and Fermi arcs on the surfaces [4, 5] . Around the Weyl nodes, the low energy physics is given as 3D two-component Weyl fermions [1, 2] , H = v σ · k (where σ is Pauli matrix and k is crystal moment), which carries chirality, left-or right-handed defined by the sign of velocity v. Weyl nodes are stable topological objects as long as k is well defined, and can be viewed as effective magnetic monopoles in the 3D momentum space [3] . To get Weyl semimetal, either time-reversal (TR) or inversion symmetry needs to be broken [6] . Otherwise, there will be double degeneracy for all k. In the case with both TR and inversion symmetries, however, we may expect a 3D Dirac semimetal state described as four-component Dirac fermions, H = v σ · k 0 0 −v σ · k , which can be viewed as two copies of distinct Weyl fermions. Unfortunately, this expectation is generally not true, because two Weyl nodes with opposite chirality may annihilate each other if they overlap in momentum space, and open up a gap in general. Therefore, additional symmetry is required to protect the 3D Dirac semimetal [10] [11] [12] state and to prohibit the possible mass term, unless it is at the phase boundary between TI and normal insulators [13] , a subtle situation hard to be controlled.
The symmetry protected 3D Dirac semimetal has been discussed [10, 11] for systems with spin-orbit coupling (SOC), focusing on special k points with four-dimensional-irreducible-representation (FDIR) [10] , which usually appears at the Brillouin Zone (BZ) boundary with non-symmorphic double space groups. In general, this FDIR requirement is too strong, and we may expect much wider compound choices by considering two doubly-degenerate bands with distinct 2D representations and unavoidable band crossing (protected by crystalline symmetry). In such case, we may get 3D Dirac points along the high-symmetry lines rather than high symmetry points at the BZ boundary. This scenario of Dirac semimetal has been suggested in our earlier studies on Na 3 Bi [12] , which is unfortunately not stable in air. In this Letter, we show that a well known compound Cd 3 As 2 is a symmetry-protected 3D Dirac semimetal with a single pair of Dirac points in the bulk and non-trivial Fermi arcs on the surface. In particular, it has complete splitting of bands away from the Dirac points, in contrast to other examples [10, 12] . It can naturally support the quantum spin Hall (QSH) effect in its quantum well structure. The nice aspect of Cd 3 As 2 is the high carrier mobility up to 15000 cm 2 V −1 s −1 at room temperature and 80000 cm 2 V −1 s −1 at 4 K, reported about 50 years ago [14] . This makes it a promising candidate for future experimental studies.
Among the II 3 -V 2 -types narrow gap semiconductors, Cd 3 As 2 has drawn crucial attention, because it was believed to have inverted band structure, [15, 16] whereas all others Cd 3 P 2 , Zn 3 As 2 and Zn 3 P 2 have normal band ordering. In contrast to other inverted band compounds (like HgTe, HgSe, and α-Sn), Cd 3 As 2 belongs to tetragonal symmetry, and is the representative of this group, which has the splitted valence band top at k=0. The crystal structure of Cd 3 As 2 is complicated, and can be related to tetragonally-distorted anti-fluorite structure with 1/4 Cd site vacancy. If the distribution of these vacancies is random, one may treat it by virtual crystal approximation (VCA) for simplicity [17, 18] . However, those vacancies are in fact ordered even at room temperature, leading to a tetragonal structure with D
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(P 4 2 /nmc) symmetry (40 atoms per unit cell, called Structure I hereafter), or a body centered tetragonal structure with C 12 4v (I4 1 cd) symmetry (80 atoms per unit cell, called Structure II hereafter), with the later structure more favored [19] . This vacancy ordering and very large cell of Cd 3 As 2 cause historically serious problems for theoretical studies, and there is no existing firstprinciples calculations up to now. We report here the first band structure calculations of Cd 3 As 2 with its true structures and with SOC included.
Similar to most of the semiconductors with antifluorite or zinc-blende structures, the low energy electronic properties of Cd 3 As 2 are mostly determined by the Cd-5s states (conduction bands) and the As-4p states (valence bands), as shown in Fig. 1 . However, there are two distinct features: (1) band-inversion around Γ point with the s-state (red solid cycle) lower than the pstates, which is an important sign of non-trivial topology; (2) semi-metallic with band crossing along the Γ-Z direction. This band-crossing is unavoidable, because the two bands belong to different (Λ 6 and Λ 7 ) representations respectively, as distinguished by C 4 rotational symmetry around k z axis. The different representation prohibits hybridization between them, resulting in the protected band-crossing. Furthermore, the crossing points should locate exactly at the Fermi level due to charge neutrality requirement, resulting in a 3D Dirac semimetal state with Fermi surface consisting of a single pair of Fermi points (two symmetric points along k z related by TR). Both the structure I and II share the above common features but with one important difference. The structure I has inversion center but the structure II doesn't. The different band nature will be addressed in minimum k · p Hamiltonian in the following.
As had been attempted with perturbation method [20] , vacancy ordering and BZ folding play important role for the band-inversion, in contrast to the cases of HgTe or Ag 2 Te [21] , where it was driven by the the shallow d states. To prove this, we performed calculations for Cd 3 As 2 in hypothetic anti-fluorite structure without vacancy (using VCA) and in cubic anti-flurite structure with one Cd vacancy, keeping the same lattice constant. We found that the former (later) has normal (inverted) band ordering at Γ. At the BZ boundary X point of hypothetic anti-fluorite structure without vacancy, there exists shallow s and p states, which are folded onto the Γ point of real structure. Therefore, the hybridization among the states with the same representation will push the states away from each other, i.e, make the lowest sstate further lower and highest p-state higher, resulting in the band inversion at Γ. The band-inversion calculated from the generalized gradient approximation (GGA) is about 0.7 eV for both structure I and II. Considering the possible underestimation of GGA for the s-p gap, we have improved the calculations by HSE method [22] , and still found the band-inversion around 0.3 eV, being consistent with most of the existing experimental evidence, such as the optical and transport measurements [15] .
The atomic Cd-5s and As-4p states with SOC can be written as the states with definite angular momentum J and J z , i. e., |S J= 1 2
In the tetragonal crystal symmetry, however, the total angular momentum J is no longer a good quantum number, and the valence p-states have complete splitting at Γ. The heavy-hole p-state Γ 7 = |P 3 2 , ± 
to reproduce band inversion. Under the tetragonal symmetry, the leading-order term of B( k) has to take the high-order form of (αk z + βD)k 2 + , which can be neglected if we only consider the expansion up to O(k 2 ). The terms containing D describe the breaking of inversion symmetry, which should be zero for structure I. In such case, the energy disper- nian up to O(k 2 ). The resulting Hamiltonian is nothing but the one for 3D massless Dirac fermions, which has anisotropic linear dispersion ∆E(
(where δ k is the deviation of momentum k from the Dirac point k c ). The block diagonal form allows us to decouple the 4×4 matrix into two 2×2 matrices, which are Weyl fermions with degenerate energy but opposite chirality, as discussed in the introduction part. For structure II, which has no inversion symmetry, the non-vanishing D term will play important role. It will modify the in-plane velocity from A to A ± 1 2 D, while keep the Weyl node position unchanged.The unsplitting Dirac points here is guaranteed by the crystal symmetry, which is C4v along the Gamma-Z axis and contains only two dimensional irreducible representation for double group. The resulting Dirac semimetal state has four-fold degenerate Dirac points, but with splitting of in-plane band dispersions away from the Dirac points, as shown in Fig. 2 . This is a new type of 3D Dirac semimetal state we have ever met so far. If other symmetries, such as TR symmetry, is broken, the two Weyl points will be separated in the momentum space, leading to a stable Weyl semimetal state, as has been discussed [12] .
The inverted band structure discussed above suggests that Cd 3 As 2 is topologically non-trivial. However, due to the four-fold rotational symmetry, it is in fact a 3D Dirac semimetal with a pair of 3D Dirac points at the Fermi level. If the four-fold rotational symmetry is broken, a linear leading order term of B( k) ≈ B 1 k z , will be introduced in the effective Hamiltonian H Γ . In such case, two Weyl fermions will be coupled together, resulting in a massive Dirac fermions with gap opening. We have checked the topological invariant Z 2 number for this resulting insulating state, and found it is odd confirming that it is a topological insulator [7, 8] in this case.
The non-trivial topology and the 3D Dirac cones in Cd 3 As 2 suggest the presence of non-trivial surface states. In order to study the surface states, we construct an 8-band second-order Kane Hamiltonian with parameters fitted to calculated band structures. (see supplemental material for details). Then, this 8-band Kane Hamiltonian is transformed into a tight-banding model on a tetragonal lattice, and the iterative Green's function method is used to calculate a semi-infinite system (see supplemental material). The obtained local density of states (LDOS) on semi-infinite (001) and (110) surfaces of the structure II are presented in Fig. 3 . For (001) surface, the surface projection of continuous bulk states superposes the non-trivial surface states. The Fermi surface of this surface is just a point as shown in Fig. 3(b) . For (110) surface, however, the non-trivial surface states are clearly visible. The Fermi surface of the surface states is composed of two half-circle Fermi arcs, touching at the singularity points (k = 0, ±k c z ) where the surface projection of bulk Dirac points exists.
Finally, we propose that the QSH effect can be realized in Cd 3 As 2 quantum well structure. Up to now, QSH effect has been observed in HgTe [23] and type-II inverted quantum well [24] . The band structure of z-oriented Cd 3 As 2 thin film of different thickness can be understood as the bulk bands in different k z -fixed planes. The 2D Z 2 number can be nonzero only for limited regions where the band inversion happens when going from Γ to Z. In the quantum-well structure, those low energy states around Γ should be further quantized into subbands, whose en- ergy levels change as a function of film thickness. As shown in Fig. 4(a) , when the thickness of the film is thin enough, the band inversion in the bulk band structure will be removed entirely by the finite size effect. With the increment of the film thickness, finite size effect is getting weaker and the band inversion among these subbands restores subsequently, which leads to jumps in the Z 2 number. As shown in Fig. 4(b) , if the film is thinner than 29Å(slightly bigger than the conventional lattice constants of structure II), the Z 2 is zero; once the film thickness is larger than the critical thickness, we find subsequent jumps to 1. Then, depending on the number of band inversions associated with the sub-bands, the system should cross over between trivial and nontrivial 2D insulators oscillatorily as a function of film thickness [25] as shown in Fig. 4(b) . In summary, we have shown that the well-known compound Cd 3 As 2 is a new 3D Dirac semimetal, with 3D Dirac cone in the bulk and non-trivial Fermi arcs on the surface. It can support the QSH effect in its quantum well structure. Considering the known property of high carrier mobility in Cd 3 As 2 , it should be a promising candidate for the future studies on both 3D Dirac cone and 2D QSH effect.
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SUPPLEMENTAL MATERIAL Eight-Band Kane Model and Parameters
As discussed in the main text, the low energy electronic properties of Cd 3 As 2 are mostly determined by the Cd-5s states (conduction bands) and the As-4p states (valence bands). We therefore start from the spinless 4-band second-order Kane model [26] for the states around the Γ point by taking |s , |p x , |p y , |p z as basis and considering the tetragonal symmtry, 
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The parameter P is for the 1st-order coupling between |s and |p orbitals, and N is for the 2nd-order coupling among the |p orbitals. The parameters L and M are chosen to be different to describe the tetragonal anisotropy, and the paramter δ is introduced for the crystal-field splitting of |p orbital on-site energies. In addition to those, we introduce a new parameter d to describe the breaking of inversion symmtry for structure II, and this parameter d should be zero for structure I. We can then get the eight-band Kane model by considering the spin degree of freedom and the spin-orbital coupling (SOC), 
Surface states
To study the possible topological non-trivial surface states of the material, we transform the above eight-band Kane model into a tight-binding model on a tetragonal lattice by introducing the substitutions:
(L x,y = a, L z = c).
Here, k i refers to k x , k y and k z , while a and c are the tetragonal lattice constants, which are taken as be 3 A and 5Å, respectively. This approximation is valid in the vicinity of the Γ point. We use an iterative method to obtain the surface Green's function of the semi-infinite system [27] . The imaginary part of the surface Green's function is the local density of states (LDOS) at the surface. Since GGA underestimated the s-p band gap by
